Background
Introduction
Sorafenib was approved in 2005 for treatment of renal cell carcinoma (RCC) based on the results of the pivotal phase 3 clinical trial, TARGET (Treatment Approaches in Renal Cancer Global Evaluation Trial) [1] . This randomized, double-blind, placebo-controlled, multicenter study examined overall survival (OS), median progression-free survival (PFS), objective response rate (ORR), and safety in 903 patients with histologically confirmed metastatic clearcell RCC who had had progression after one systemic treatment within the previous 8 months. Patients with brain metastases or prior exposure to vascular endothelial growth factor (VEGF) pathway inhibitors were excluded. In TARGET, sorafenib significantly extended median PFS from 2.8 months in the placebo group to 5.5 months (hazard ratio for disease progression in the sorafenib group, 0.44; 95% confidence interval [CI] , 0.35 to 0.55;P<0.01), with an acceptable safety profile [1] .
While sorafenib was under review by the US Food and Drug Administration (FDA), several expanded access programs were established. In the open-label EU-ARCCS (EUropean Advanced Renal Cell Carcinoma Study; N = 1150), NA-ARCCS (North America-Advanced Renal Cell Carcinoma Study; N = 2504), and AUS1 (N = 47) studies, median PFS (95% CI) was 6.6 (6.1-7.4) [2] , 5.5 (5.1-5.8) [3] , and 6.5 (2.61-10.41) [4] months, respectively ( Table 1) . Notably, in these trials, sorafenib was used as a first-line systemic agent in 33%-50% of patients, and patients were not required to have clear cell histology.
The TARGET trial, which formed the basis for sorafenib approval, and these expanded access studies, represented the collective experience with sorafenib in RCC at the time of its approval. Since then, the treatment landscape for RCC has changed considerably. Clinicians now have nearly 10 years of additional experience in the use of sorafenib, managing its side effects, and evaluating response to angiogenesis inhibitors in larger and more diverse patient populations. Moreover, additional targeted systemic therapies, such as sunitinib, axitinib, dovitinib, bevacizumab, trebananib, and temsirolimus, pazopanib, and everolimus have been, and continue to be, investigated in RCC. An increasing emphasis is being placed on the use of these agents in the first-line setting, and several clinical trials have focused on head-to-head comparisons with sorafenib. Since complete objective responses are rare, studies are also investigating the use of sorafenib sequentially (either prior to, or following) or in combination with other targeted agents, as an open-ended management of metastatic kidney cancer.
The abundance of data from published clinical studies of sorafenib in RCC substantially broadens our knowledge base. To date, the collective experience has not been comprehensively reviewed and aggregated. The objective of this study is to understand the body of evidence defining a more contemporary perspective on efficacy and safety of sorafenib in patients with RCC treated since 2005. The issue of relative efficacy versus comparator drugs is not addressed in this review. f n = 1891.
g Considered treatment related. h All reported AEs were considered treatment related.
Methods

Protocol registration
The protocol for this study is registered at the International Prospective Register of Systematic Reviews (PROSPERO) and may be accessed at http://www.crd.york.ac.uk/PROSPERO/ display_record.asp?ID=CRD42014010765#.U9gsn_ldW3A.
Databases, search methodology, and eligibility criteria
The search terms ("sorafenib" or "Nexavar" or "BAY 43-9006") AND ("RCC" or "renal cancer" or "kidney cancer") were used to identify relevant publications, including meeting abstracts, in 4 electronic databases: PubMed ( Two independent reviewers examined titles and abstracts to determine eligibility for all identified records. When eligibility could not be determined from the abstract, the full publication was used. Disagreements were resolved by discussion between the two reviewers. Records were excluded for the following reasons in this sequence: 1) review articles, meeting reports, editorials, or guidelines; 2) not written in English; 3) reported only preclinical data, phase 1 trial data, data from a pilot or exploratory study, or data from a study with <20 patients receiving sorafenib; 4) reported data for patients included in the TARGET clinical trial; 5) reported data from a trial in which there was no discrete sorafenib arm or sorafenib was used only in combination with another systemic anticancer agent; 6) results from the reported study did not include patients with RCC, or the results in patients with RCC were only presented pooled with other tumor types; 7) presented results from a retrospective or observational study. Following identification of eligible studies, Internet searches (using Google) were performed to identify additional publications. Search terms consisted of the last names of the first and last authors for each of the already identified publications. In addition, www.clinicaltrials.gov was searched, using the same search terms, to identify clinical trials registered between 1/1/2005 and 5/12/2014. Trials were excluded if they 1) were phase 1 or included fewer than 20 patients receiving sorafenib; 2) had no discrete sorafenib arm, or sorafenib was used only in combination with another systemic anticancer agent; or 3) were observational.
Data collection
Data were extracted to spreadsheets that had been pilot-tested to ensure that the included fields encompassed all desired data. When interim and mature data were both identified, the most recent data were used. Data were extracted exclusively for single-agent sorafenib arms. The primary endpoints of interest in this study were PFS and adverse events (AEs), especially hypertension, diarrhea, hand-foot skin reaction, and fatigue. Secondary outcomes of interest were OS and response rate (RR).
One reviewer extracted data and a second reviewed each field for accuracy. In some instances, where data are reported as n (%), only the number of patients or the percentage was published. For consistency of reporting, the corresponding values were calculated based on the total number of patients in the relevant study population. Similarly, when units for duration of treatment, PFS, or OS values were reported in days or weeks, values were converted to months as follows. Days: 12 x (reported value/365); Weeks: 12 x (reported value/52).
The following variables were extracted for each phase 3 and expanded access study (Tables 1 and 2): line of therapy; total number of patients; number of patients in the sorafenib arm; Table 2 . Randomized, open-label, phase 3 trials of sorafenib in RCC published following the TARGET trial.
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Phase 3 and expanded access trials
Eleven randomized controlled phase 3 trials of sorafenib in RCC have been undertaken since the TARGET trial. Three studies were excluded from this review because data are not yet available (expected in 2016) [104] [105] [106] [107] . One additional trial was identified as a phase 3 trial, but it enrolled only 39 patients and was not a controlled trial [60] . Results for this trial are therefore considered below in the context of other small trials and are included in Table 4 .
Results for the seven eligible phase 3 trials are shown in Table 2 [ . Among these trials, patient age, gender, and ECOG PS were similar to those in the TARGET trial. Likewise, the predominant histology was clear cell type and most patients had undergone prior nephrectomy. However, MSKCC scores were considerably more heterogeneous. With the exception of AGILE 1051, all of the trials included a higher proportion of patients with intermediate or poor status than were included in TARGET (48%). MSKCC scores were also substantially worse in the expanded access AUS1 trial (Table 1) (not reported for EU-ARCCS and NA-ARCCS). Similar to TARGET, in which 98% of patients had ECOG PS 1, all patients in the phase 3 trials had ECOG PS 1 (where reported). In contrast, patients with ECOG PS 2 or higher were included in the EU-ARCCS and AUS-1 expanded access trials. Race was inconsistently reported, and no trial reported inclusion of more than 25% Asians.
In addition, phase 3 trials varied with respect to the number of prior systemic treatments administered. In TARGET, all patients' tumors had progressed after one systemic treatment [1] . Sorafenib was also studied in the second-line in AXIS and INTORSECT. In AXIS 35% of patients had received prior cytokine treatment, 54% received prior sunitinib, 8% received prior bevacizumab, and 3% received prior temsirolimus treatment [74] . In INTORSECT, all patients received prior sunitinib treatment [76] . Two phase 3 trials, CROSS-J-RCC and SWITCH, examined sequential treatment approaches in which sorafenib was used following progression on first-line sunitinib and vice versa. For these trials, data were collected for both first-and second-line treatment, although data are not yet available for second-line treatment in CROSS-J-RCC [71, 75] . In GOLD-RCC, patients received sorafenib third-line after disease progression on or within 6 months of the most recent of two prior therapies including one VEGF (100) 29 (91) 129 (100) 38 ( (94) 29 (91) 129 (100) 35 ( (24) 11 (28) 5 (5) 9 (15) 12 (18) 1 (2) f NR 25 (19) 13 (36) SD 30 (59) 17 (43) 72 (74) 27 (60) 46 (69) 20 ( 54 (65) 31 (79) 125 (62) 76 (58) (55) 14 (31) 134 (66) 54 (41) (27) 53 (64) 27 (60) 117 (58) 56 ( (48) 16 (36) 86 (43) 43 (33) g 15 (37) (Continued) Abbreviations: AE = adverse event; CI = confidence interval; CR = complete response; HFSR = hand foot skin reaction; NE = estimable; NR = not reported; OS = overall survival; PFS = progression-free survival; PR = partial response; SD = stable disease. a NR for 3 patients. Tumor assessment was not possible in five patients and they were excluded from the efficacy analysis.
c Treatment emergent AEs were reported for the total 202 patients, which included both patients randomized to the sorafenib and to the placebo arm after a 12 week run-in period of sorafenib treatment. inhibitor and one mammalian target of rapamycin (mTOR) inhibitor [77, 82, 83] . In one of the phase 3 trials, all patients were treatment naive [68, 69] . Finally, in the TIVO-1 trial, the patient populations were mixed with respect to the line of therapy [78] [79] [80] [81] [82] . Median PFS ranged from 5.9 to 7.0 months in patients treated with first-line sorafenib (N = 341) [68] [69] [70] [71] . In patients treated with second-line sorafenib (N = 691), PFS (95% CI) associated with sorafenib treatment ranged from 2.8 (not reported) to 4.7 (4.6-5.6) months [71] [72] [73] [74] [75] [76] . In the third-line setting (N = 286), PFS (95% CI) was 3.6 (3.5-3.7) months [77] . Median PFS and OS for each of the phase 3 trials are represented graphically in Fig. 2 , along with results from TARGET, EU-ARCCS, and NA-ARCCS.
Where reported, treatment-emergent AEs occurred in nearly all patients, and grade 3/4 AEs were seen in 36%-70%. Overall incidences of AEs by line of treatment are difficult to evaluate because data have not been reported for four of the seven trials. The incidences of serious AEs was reported for three trials and ranged from 25%-34%. Frequencies of select AEs occurring in >20% of patients in any phase 3 trial are detailed in Table 2 . Fatigue, hand-foot skin reaction (HFSR), rash or desquamation, diarrhea, and hypertension were among the most frequent AEs. Incidences of these AEs are presented graphically in Fig. 3 [68-103 ].
Phase 2 trials
Published data were identified for a heterogeneous group of nine phase 2 trials that met eligibility criteria for this review ( Table 3) . First-line sorafenib was used in three randomized, openlabel studies [25] [26] [27] [28] [29] [30] . Median PFS (95% CI) ranged from 5.7 (5.0-7.4) to 9.0 (5.5-10.9) months. In a single-arm dose-escalation study in the first-line setting, patients received 400 mg twice daily (BID) for 4 weeks, and escalated to 600 mg BID for 4 weeks and finally to 800 mg BID, with response evaluated at 6 months. The dose-escalation protocol was tolerated by 18/67 patients [31, 32] . The remaining patients had dose escalations and reductions as tolerated throughout the study. Overall median PFS (95% CI) was 7.4 (6.3-9.7) months. Subgroup analysis by dose (400, 600, or 800 mg BID) administered to patients for the longest duration showed median PFS (95% CI) of 3.7 (1.8-9.5), 7.4 (6.3-12) and 8.5 (5.6-14.9) months, respectively [32] .
In three phase 2 trials, sorafenib was evaluated as second-line or later therapy in patients who had failed or progressed after cytokine therapy [35, 36] or in patients refractory to sunitinib or bevacizumab [33] (Table 3) .
One study [34] was a randomized, discontinuation trial in which patients with tumor growth or <25% tumor shrinkage during a 12-week run-in period of sorafenib treatment were randomized to receive continued sorafenib or placebo. Thirty-two patients received continued sorafenib; efficacy results are presented only for these patients. Safety results are presented for the entire enrolled population (N = 202), 91% of whom received prior interleukin (IL)-2, Abbreviations: AE = adverse event; CI = confidence interval; CR = complete response; HFSR = hand foot skin reaction; NR = not reported; OS = overall survival; PFS = progression-free survival; PR = partial response; SD = stable disease. a All 39 pts for which results are posted received 2nd-line sorafenib.
b Patients received either 1st-line sorafenib (n = 43), 1st-line sorafenib + IFN (n = 16), or 2nd-line sorafenib (n = 39).
c Population who received 2nd-line sorafenib. d Subset of pts with RCC.
e Results not reported individually for pts receiving single-agent sorafenib.
f Not reached after 278 days mean follow-up. g Median (range).
h Grade 1-2.
doi:10.1371/journal.pone.0120877.t004
Systematic Review of Sorafenib Use in RCC interferon, or nonspecified systemic anticancer therapy. Median PFS (95% CI) was, respectively, 4.4 (3.6-5.9) and 5.5 (not reported) months in patients (N = 79) previously treated with VEGF inhibitors [33, 34] , and 7.4 (6.5-13.1) and 7.9 (6.4-10.8) months in patients (N = 165) previously treated with cytokine therapy [35, 36] . It should be noted that this particular study technically met inclusion criteria for this systematic review because it was published in 2006. However, efficacy data are reported only up to December 31, 2004 . Overall incidences of treatment-emergent AEs were not consistently reported, but ranged from 96%-100% where data are available [31, 34, 37] . Incidences of treatment-related AEs, where reported, ranged from 95%-97%, and grade 3/4 treatment-related AEs in the same studies ranged from 41%-69% [27, 35] . Frequencies of the most common specific AEs are detailed in Table 3 .
Smaller studies and patient series
In addition to phase 2, phase 3, and expanded access trials, five small single-arm studies and three patient series reports were identified. Results for these studies are reported in Table 4 . As mentioned above, one trial was listed as a phase 3 trial, but because it was not a randomized controlled trial and because only 39 patients were enrolled, it is included with this, more similar group of studies [60] . Notably, in two of the single-arm trials, median PFS [95% CI] was considerably longer than was seen in any of the phase 2/3 trials (9.5 [not reported] and 14 [0-31.7] months) [61, 62] . These two studies were undertaken entirely in Chinese patients and 91% of the patients had received at least one prior systemic therapy.
Discussion
Generally when a drug is demonstrated to have clinical utility and becomes approved for use, results from a pivotal phase 3 trial, and potentially one or a few earlier phase 2 studies, comprise the body of experience in terms of disease response and management of side effects. These studies therefore have a profound effect on drug labeling and its uptake and use in the community. Over time, clinical experience in management of dose-and course-limiting acute and chronic side effects typically matures, with positive impacts for both the patient experience and disease outcomes. However, information on the collective experience may not be readily available to the practitioner.
Sorafenib was approved for the treatment of RCC in 2005 after favorable PFS results were obtained in the pivotal TARGET trial. Since that time, a large number of studies using sorafenib in RCC therapy have been undertaken. The number of publications initially identified (2411) represents a dauntingly broad experience. The availability of published data from these studies provides an important opportunity to comprehensively evaluate how the safety and efficacy experience with this drug may have evolved. To that end, we have systematically reviewed the published literature for clinical studies conducted since 2005 that included the use of single-agent sorafenib for RCC.
In all, we identified 30 studies in which 2182 patients were treated with sorafenib. Among these, 1575 were treated in randomized controlled phase 3 trials. It is important to note that even among phase 3 trials, comparisons with TARGET should be undertaken with caution. Differences in trial design, patient baseline characteristics (including proportion of patients with higher-risk characteristics) duration of treatment and follow-up and reported endpoints have precluded quantitative comparisons or meta-analysis. There is no comprehensive patientlevel database that spans those experiences, and no practical way to re-analyze response or toxicity assessments.
Whereas TARGET was a double-blind, placebo-controlled trial, all of the phase 3 trials ( Table 2 ) identified in this review were open-label studies where the comparator arm was another targeted agent. Overall survival was the primary end-point in TARGET and PFS was the primary endpoint in the other seven phase 3 trials. Although it is not the intent of this review to provide a comparison with other agents, it is interesting to note that where reported, OS in sorafenib-treated patients was either similar to [58, 61, 86] , or superior to [80] [1] comparator agents.
Among the identified trials, patients differed with respect to baseline characteristics, perhaps most profoundly by MSKCC score and line of treatment. A recent retrospective review of control (comparator) arm data derived from clinical trials in RCC suggests that the characteristics of RCC patients at baseline have consistently improved over time and proposes that these differences may result from increased use of palliative nephrectomy, advances in surgical techniques, and earlier diagnosis [108] . The diversity of reported trial designs reflects not only evolving approaches in standard of care for RCC, but also the desire to further evaluate the role of sequential treatment for patients whose disease progresses during treatment with targeted agents that were unavailable at the time sorafenib was approved.
In the TARGET trial, patients' tumors must have progressed after one systemic treatment within the previous 8 months. Sorafenib was used exclusively second-line for three other phase 3 trials. In contrast to TARGET, prior treatment in these trials consisted largely, if not entirely, of targeted non-cytokine therapies. As summarized in Table 2 and Fig. 2 , patients treated in the second-line setting appeared to have shorter PFS than in the 3 trials where patients were treated first-line with sorafenib, a finding that is in keeping with the trend towards poorer MSKCC score in the second-line trials. While the major impacts of risk-group, disease features, and line-of-treatment preclude a quantitative comparison, more contemporary data are generally similar to that seen in TARGET.
Disappointingly, safety data were inconsistently reported among the trials. Overall incidences of AEs were reported for five of the seven phase 3 trials included; Serious AEs were reported for only three studies. Incidences of grade 3/4 AEs varied substantially. In TARGET, overall incidences of AEs were reported only if they were considered treatment related. These and other factors, such as differing duration of treatment, preclude a meta-analysis with statistical characterization trends.
Specific treatment-emergent AEs reported in all phase 3 trials included in this review were largely similar to TARGET. However, whereas grade 3 HFSR was observed in 6% of patients in TARGET [1] , it was reported in 15% patients in five of the more recent phase 3 trials [68, 70, 74, 76, 78, 79, 83] . Similarly, grade 3/4 hypertension occurred in 4% of patients in TAR-GET [1] and in 11%-18% in four of the more recent trials [70, 74, 75, [77] [78] [79] 103] (Fig. 3) . One may speculate that some practice-related factors may be responsible for this. In more recent trials, increased familiarity with the use of sorafenib and its side effects may have reduced the frequencies of dose interruptions and reductions, resulting in overall higher dose intensity over the course of treatment. However, due to inconsistent reporting of dose intensities, this notion cannot be substantiated based on the reported data. As a bottom line for the clinician, the HSFR and hypertension issues seem more frequent in the current experience-an active management plan to mitigate remains an ongoing consideration.
Higher incidences of grade 3 HFSR and grade 3 hypertension were also reported in several of the phase 2 trials, although qualitative differences (treatment-emergent vs treatment-related AEs) and inconsistent reporting preclude determining the number of trials in which these occurred. Even with these rather small differences, it appears that the safety profile of sorafenib observed in the variety of patient populations and treatment settings studied is consistent with that observed in the TARGET trial, with no new signals.
For comprehensiveness, we included phase 2 and smaller trials in this review. Five of the phase 2 trials were randomized, and the remaining studies, including smaller trials and patient series listed in Table 4 , were single arm. In addition to the limitations discussed above for the phase 3 trials, inherent potential bias in these trials should be considered when interpreting the results. Nonetheless, these trials may offer important insights. However, it is important to note that results reported for all of these studies may differ from those observed in daily clinical practice. Similarly, trends or absence of changes in reported prospective trials are not conclusively demonstrative of changes in daily clinical practice.
For example, among the seven phase 3 trials included in this review, none enrolled more than 25% of Asian patients. One phase 2 trial [35] enrolled exclusively Japanese patients and two smaller trials [61, 62] and a patient series [58] report results in Chinese patients. PFS in these studies appeared longer than in TARGET or any other trial reported here (single-agent sorafenib results were not reported for the patient series). Yang et al. considered ethnic background as an important factor leading to these differences [61] . However, disease control rates and OS (where reported) did not show corresponding differences. These studies in Asian patients enrolled fewer than 100 patients each and did not include a control (non-Asian) population; additional studies would be necessary to clarify these findings. Incidences of AEs in Asian patients were similar to those observed in TARGET with the exception that grade 3 HFSR was higher in the smaller studies (Table 4) , and treatment-related grade 3/4 hypertension was seen in 17% of patients in the phase 2 trial ( Table 3) . Understanding how ethnic features affect sorafenib efficacy or side effects remains a challenge.
In this review, we have comprehensively collected publications that describe the use of single-agent sorafenib in prospective studies in patients with RCC. The data are focused on the sorafenib experience, rather than comparative efficacy, with the goal of obtaining a broadened perspective on what to expect as medical practices evolve, beyond the database of the original pivotal trial. While the randomized controlled phase 3 trials likely provide the most robust information, important additional information may be gleaned from the inclusion of phase 2 and smaller studies, particularly as they may provide historical context or describe less well-represented populations. Comparisons among the included trials should be made with due caution as study design, patient populations, tumor characteristics, and prior drug exposure vary dramatically. Differences of patient characteristics a priori may be more important than differences of treatment plans. Notwithstanding the diversity of trial designs in this review, in examining the primary endpoints of this study, PFS and safety, we have observed no profound differences from the results observed in TARGET.
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